Global warming is intensifying interest in the mechanisms enabling ectothermic animals to adjust physiological performance and cope with temperature change. Here we show that embryonic temperature can have dramatic and persistent effects on thermal acclimation capacity at multiple levels of biological organization. Zebrafish embryos were incubated until hatching at control temperature (T E = 27°C) or near the extremes for normal development (T E = 22°C or 32°C) and were then raised to adulthood under common conditions at 27°C. Short-term temperature challenge affected aerobic exercise performance (U crit ), but each T E group had reduced thermal sensitivity at its respective T E . In contrast, unexpected differences arose after long-term acclimation to 16°C, when performance in the cold was ∼20% higher in both 32°C and 22°C T E groups compared with 27°C T E controls. Differences in performance after acclimation to cold or warm (34°C) temperatures were partially explained by variation in fiber type composition in the swimming muscle. Cold acclimation changed the abundance of 3,452 of 19,712 unique and unambiguously identified transcripts detected in the fast muscle using RNA-Seq. Principal components analysis differentiated the general transcriptional responses to cold of the 27°C and 32°C T E groups. Differences in expression were observed for individual genes involved in energy metabolism, angiogenesis, cell stress, muscle contraction and remodeling, and apoptosis. Therefore, thermal acclimation capacity is not fixed and can be modified by temperature during early development. Developmental plasticity may thus help some ectothermic organisms cope with the more variable temperatures that are expected under future climate-change scenarios.
Global warming is intensifying interest in the mechanisms enabling ectothermic animals to adjust physiological performance and cope with temperature change. Here we show that embryonic temperature can have dramatic and persistent effects on thermal acclimation capacity at multiple levels of biological organization. Zebrafish embryos were incubated until hatching at control temperature (T E = 27°C) or near the extremes for normal development (T E = 22°C or 32°C) and were then raised to adulthood under common conditions at 27°C. Short-term temperature challenge affected aerobic exercise performance (U crit ), but each T E group had reduced thermal sensitivity at its respective T E . In contrast, unexpected differences arose after long-term acclimation to 16°C, when performance in the cold was ∼20% higher in both 32°C and 22°C T E groups compared with 27°C T E controls. Differences in performance after acclimation to cold or warm (34°C) temperatures were partially explained by variation in fiber type composition in the swimming muscle. Cold acclimation changed the abundance of 3,452 of 19,712 unique and unambiguously identified transcripts detected in the fast muscle using RNA-Seq. Principal components analysis differentiated the general transcriptional responses to cold of the 27°C and 32°C T E groups. Differences in expression were observed for individual genes involved in energy metabolism, angiogenesis, cell stress, muscle contraction and remodeling, and apoptosis. Therefore, thermal acclimation capacity is not fixed and can be modified by temperature during early development. Developmental plasticity may thus help some ectothermic organisms cope with the more variable temperatures that are expected under future climate-change scenarios.
environmental physiology | fish | muscle transcriptome | functional genomics | high-throughput sequencing T emperature has profound effects on the physical and chemical processes that dictate how biological systems function. Ectothermic organisms-those that cannot regulate body temperature using endogenous heat production-are particularly susceptible to changes in environmental temperature. Species and populations can typically survive and perform across a finite range of temperatures, the breadth of which is a critical determinant of their distribution and abundance (1, 2) . The physiological and molecular mechanisms underlying how ectotherms perform when faced with daily and seasonal temperature variation have attracted significant attention for decades, and this interest has intensified in an attempt to understand the potential ecological impacts of global climate change (3, 4) . It is clear that temperature acclimatization can shift thermal optima and performance breadth (5) , which may increase fitness and improve the viability of populations during warming (6) (7) (8) . However, much of what we know about the integrative mechanisms for this ability comes from studies of juvenile and adult animals. There has been relatively little emphasis on how interactions between temperature and the developmental program might affect phenotypic plasticity in later life (9, 10) .
Here we use zebrafish as a model to investigate the influence of temperature change during embryonic development on swimming performance in subsequent life stages. In the wild, zebrafish experience daily temperature fluctuations of ∼5°C and wide seasonal variation in temperature, from as low as 6°C in winter to ∼38°C in summer, across their native range (Ganges and Brahmaputra river basins in southern Asia) (11) . Natural populations typically reproduce during the monsoon season, when food is readily available and temperatures range from ∼23°C to 31°C (12) . We used fish derived from a wild-caught strain and a large number of families to approximate the natural genetic variation found in wild populations. We reared zebrafish embryos at three temperatures (22°C, 27°C, and 32°C) spanning the range for normal reproduction and development ( Fig. 1) . Embryonic temperature had striking and often unpredictable effects on thermal acclimation that persisted to adulthood, even after fish were raised from hatching at a common temperature (27°C). These effects could be explained by differences in how thermal acclimation affected the abundance and proportion of fiber types in the swimming muscle and in the expression of a subset of transcripts across the transcriptome.
Results and Discussion
Embryonic Temperature Affects Thermal Sensitivity and Acclimation of Swimming Performance in Adult Zebrafish. We first assessed how swimming performance ("critical swimming speed") in adult fish from each embryonic temperature (T E ) group was affected by temperature after (i) short-term (1 d) transfer to 22°C, 27°C (control), or 32°C ("thermal sensitivity") and (ii) long-term acclimation (28-30 d) to 16°C or 34°C (Fig. 1 ). We used a strong inference approach to distinguish between multiple competing hypotheses for how T E influences the temperature dependence of swimming performance (13) . Two-factor ANOVA with orthogonal polynomial contrasts of T E was used to determine the level of statistical support for various hypotheses: "beneficial developmental plasticity" (significant interactions of T E and swim temperature, T S ), "hotter is better" or "colder is better" (significant linear effects of T E with a positive or a negative contrast coefficient, respectively), "optimal intermediate temperature" (significant quadratic effect of T E with downward concavity), and "developmental buffering" (no effect of T E ), which would reflect canalization of embryonic development.
T E affected the short-term thermal sensitivity of swimming performance ( Fig. 2A and Table S1 ). Performance was generally improved at the temperature zebrafish were raised as embryos, consistent with the hypothesis that developmental plasticity is beneficial. This result was supported by statistically significant T S × T E interactions in two-factor ANOVA with orthogonal polynomial contrasts (P = 0.049 overall and P = 0.036 for linear contrast) (Table S2) . Compared with swim trials at 27°C, only the 22°C T E group sustained performance at 22°C and only the 32°C T E group increased performance at 32°C. Differences between T E groups were not caused by differences in body mass or length (Table S3) .
T E also affected thermal acclimation capacity, but the effects were not always of predictable benefit ( Fig. 2B and Table S1 ). Some results suggested that development at a specific T E might optimize performance at that temperature, such as the significant T S × T E interactions (P < 0.001 overall and for both contrasts) (Table S2 ) and the lower performance of the 22°C T E group at 34°C. However, there also appeared to be an overall benefit of developing at 32°C on thermal acclimation across all temperatures. The 32°C T E group performed better than the 27°C T E group in the cold and the main effect for the linear contrast of T E was significant (P < 0.001) ( Table S2 ). The former difference was specifically due to T E -induced variation in thermal acclimation capacity, rather than to persistent effects on short-term thermal sensitivity, because critical swimming speed after 1 d at 16°C was similar in 32°C and 27°C T E groups (9.89 ± 0.15 and 9.05 ± 0.32 standard body lengths/s, n = 4) ( Table S1 ). We next sought to determine whether the differences in acclimation capacity between T E groups were due to differences in muscle plasticity. We therefore examined swimming muscle phenotype using standard histological methods (Fig. 3 A-D) in the caudal region of the trunk (0.7 of standard body length) for the same fish as were swum at acclimation temperatures (T A ) of 16°C, 27°C, and 34°C (Fig. 1) .
Embryonic Temperature Affects Thermal Acclimation of Muscle
Phenotype. The mechanisms underlying the improvement in swimming capacity after thermal acclimation can include shifts in the proportion of muscle fiber types (14, 15) , changes in mitochondrial content and capillarity of muscle fibers (16, 17) , and adjustments in contractile properties mediated by differential expression of contractile protein isoforms (18, 19) . We observed an overall increase in the transverse area of the entire swimming musculature after cold acclimation (two-factor ANOVA, P < 0.001) (Fig. 3E and Table S4 ). The number and total area of slow muscle fibers and the total area of fast fibers also increased after cold acclimation (P = 0.016, P < 0.001, and P < 0.001 in two-factor ANOVA) (Table S5 ). Because fish were of similar body length and mass (Table S3) , there was most likely a change in body shape. However, the magnitude of this change differed between T E groups, in accordance with previous observations that T E affects body shape (20) . The different responses to cold were reflected by significant T A × T E interactions for total muscle area and the total transverse area of fast fibers (P = 0.006 and P = 0.040) and by the cold-induced increases in total muscle, slow fiber, and fast fiber transverse areas in only the 22°C and 32°C T E groups. It is unclear whether these differences are related to variation in the number of axial myotomes, because T E affects the rate of somite Fig. 1 . Fish were raised at one of three embryonic temperature (T E ) treatments and then at a common postembryonic temperature until adulthood, after which they underwent one of five adult temperature treatments. Swimming performance was measured in each T E group after each adult temperature treatment. Muscle phenotype was determined in fish acclimated to 27°C, 16°C, and 34°C (*). Transcriptome-wide analysis of gene expression was conducted for the 27°C and 32°C T E groups acclimated to 27°C and 16°C ( † ). Each individual was subject to one distinct path from left to right. T E groups are offset for clarity. Bonferroni posttests detected significant differences (P < 0.05) from U crit at 27°C within each T E group [using both one-and twofactor (**) or just one (*)-factor ANOVA] and between T E groups within each swim temperature ( † ).
formation but does not affect somite length in zebrafish during embryogenesis (21) . Acclimation to 34°C increased the relative proportion of both slow and intermediate fiber types in the myotome (P = 0.013 and P < 0.001 in two-factor ANOVA) ( Fig. 2F and Table S4 ). These changes were primarily caused by increases in the number and total area of slow muscle fibers and the number, average area, and total area of intermediate fibers (P = 0.016, P < 0.001, P < 0.001, P = 0.007, and P < 0.001 in two-factor ANOVA) (Table  S5) . However, these increases in the proportion of aerobic fibers occurred only in 27°C and 32°C T E groups, and there were significant T A × T E interactions for the total area and average fiber size of intermediate fibers (P = 0.042 and P = 0.036). There was also an overall increase in the number of slow fibers in the 27°C T E group (P = 0.023 for T E effect in two-factor ANOVA), as previously observed in the fast muscle (22) .
Overall differences between T E groups in total muscle area and the proportion of aerobic fiber types can partly explain the observed differences in swimming performance after thermal acclimation (Fig. 2B) . The expansion of slow muscle that is afforded by the accentuated increase in total muscle area in the 22°C and 32°C T E groups should enhance sustained swimming performance in the cold. Although fast muscle is most commonly associated with burst swimming, it is also recruited at high sustainable swimming speeds (23) , particularly in the cold (24) , and could also contribute to differences in swimming performance between T E groups at 16°C. The relative increase after warm acclimation in the abundance of slow and intermediate muscle, the main fiber types supporting aerobic exercise (25) , is expected to help the 27°C and 32°C T E groups maintain high cruising speeds at warm temperatures.
Transcripts Involved in Energy Metabolism Are Strongly Induced in the Cold. Whole-transcriptome shotgun sequencing (RNA-Seq) of fast muscle mRNA was used to compare gene expression between 27°C and 32°C T E groups at acclimation temperatures of both 27°C and 16°C. This two-factor design (2 T A × 2 T E ; n = 4) allowed us to assess the main effects of T A and T E and their interaction. We uncovered 3,452 transcripts at Q < 0.05 (2,275 transcripts at Q < 0.01 and 1,378 transcripts at Q < 0.001; Q is calculated by adjusting the P value for multiple comparisons) whose expression changed significantly in response to cold acclimation (Dataset S1). Thirty-two transcripts were turned on in the cold (i.e., no transcript was observed in any 27°C samples), 33 increased in abundance by more than 20-fold, 227 increased between 5-and 20-fold, 870 increased by 2-to 5-fold, and 688 increased by 1.5-to 2-fold (Q < 0.05). Many of the transcripts that exhibited large relative changes in expression were expressed at low levels (on the basis of mean normalized transcript counts) (Fig. S1) . Surprisingly, cold decreased the expression of numerous transcripts: 6 decreased by more than 20-fold, 100 by 5-to 20-fold, 719 by 2-to 5-fold, and 659 by 1.5-to 2-fold (Q < 0.05). The cold-induced repression of so many transcripts is in stark contrast to previous findings from microarray studies of other species, where >90% of differentially expressed genes during cold acclimation were up-regulated (26, 27) .
We next performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of the transcripts that increased in the cold by 1.5-fold at Q < 0.01. There was an overrepresentation (at Q < 0.05) of several GO categories relating to carbohydrate and lipid metabolism and to mitochondria ( Fig. 4A and Table S6 ). A similar overrepresentation of KEGG pathways relating to energy metabolism was also observed (1,100 metabolic, 10 glycolysis/gluconeogenesis, 30 pentose phosphate, 51fructose and mannose metabolism, 52 galactose metabolism, and 71 fatty acid metabolism pathways) (Table S7) . Consistent with this observation were cold-induced increases in transcripts for 8 of 10 enzymes in glycolysis; every enzyme in fatty-acid oxidation; and several enzymes in the citric acid cycle, oxidative phosphorylation, and other pathways of energy production (Fig. 4B ). The transcript of the enzyme essential for lipid desaturation in the cold (scd, Δ 9 -desaturase) (28) increased, but those involved in fatty acid synthesis were not generally altered. There were clear examples of isoform switching (e.g., increased cox4i1 and decreased cox4i2 for cytochrome oxidase subunit 4), differential expression of splice variants (e.g., increased eno3-005 and eno3-007 and decreased eno3-002 for enolase 3), and subunits responding in opposite directions (e.g., subunits of NADH dehydrogenase) (blue and orange enzymes in Fig. 4B ). We could detect these events because RNA-Seq clearly distinguishes between sets of transcripts that are similar in sequence and because our relatively substantial sequencing effort allowed us to detect changes in those transcripts that were expressed at low levels. Our results therefore provide an extremely comprehensive description of the transcriptomic responses of energy supply pathways in the muscle to cold (26, 27, 29) .
Cold acclimation in fish is known to induce mitochondrial biogenesis and increase the capacity for energy production in the muscle (14) . Although the molecular pathways regulating these changes are still poorly understood (30) (31) (32) , the orthologs of several genes that regulate energy metabolism in mammals were induced in the cold (e.g., ppargc1al, ppargc1b, pparaa, rxrgb, and esrra). The expression of genes regulating angiogenesis in mammals also increased (e.g., vegfab, fgf1, and fgfrl1b), which could increase the supply of O 2 to the more abundant mitochondria in the muscle (16) . There were also complex changes in the expression of numerous factors regulating myogenesis and muscle fiber phenotype (increases in myf5, myog, mef2cb, mef2d, akt2, and foxo3b; decreases in myod1, myf6, mef2a, akt2l, and capn1a and several insulin-like growth factors, binding proteins, and receptors).
Many other increases in gene expression with cold acclimation were typical of those observed in multiple tissues in other fish species (26, 29) , including an overrepresentation of transcripts involved in proteolysis (KEGG 3050 Proteasome) and RNA processing (KEGG 3040 Spliceosome). The high-mobility group genes have been proposed to be a global regulator of transcription in response to temperature change (26) , and the expression of many of these genes increased in the cold (hmgb1a, hmgb1b, hmgb2a, hmgb3a, hmgb3b, hmg20b, and hbp1).
Also induced in the cold were a significant number of transcripts involved in proton and ion transport, including 35 transcripts from 21 solute carrier families, possibly related to the regulation of solute and pH homeostasis. Genes involved in circadian rhythm pathways were strongly induced in the cold (KEGG 4710 Circadian rhythm: mammal), including the core clock genes per1a, per1b, per3, cry1a, cry1b, and cry2. The induction of the clock genes probably relates to the strong influence of temperature on the amplitude of circadian rhythms in transcription, a property that is thought to confer temperature compensation of the clock mechanism (33) .
A similar GO and KEGG analysis of the transcripts that decreased in the cold uncovered an overrepresentation of transcripts involved in protein translation (KEGG 3010 Ribosome) ( Fig. 4A and Tables S8 and S9), another response that occurs in many tissues of other species (26, 29) . Consistent with previous muscle-specific responses to cold (26, 29) was also an overrepresentation of transcripts involved in muscle contraction and the connective tissue matrix (KEGG 4512 ECM-receptor interaction) among repressed transcripts.
Transcriptional Response to Cold Is Altered by Embryonic Temperature. Principal components analysis (PCA) was next used to describe the general patterns in expression and confirm that T E altered the overall pattern of gene expression. When all transcripts were included in PCA (Fig. 5A) , the predominant pattern of variation [principal component 1 (PC1) described 22.3% of variation in the data] was strongly associated with T A (P < 0.001 in two-factor ANOVA), but this variation was also influenced by T E (P = 0.006 for T A × T E interaction in PC1). The main secondary pattern of variation [principal component 2 (PC2) described 15.0% of the variation] starkly contrasted the T E groups, which responded to T A in opposing directions (P = 0.027 for T A × T E interaction in PC2). PC3 described 10.1% of the variation in expression but was not significantly associated with T A or T E . Similar results were obtained when only transcripts that were affected by T A were included in PCA (Fig. S2 ): PC1 described 61.2% of the variation in the data and was affected by T A (P < 0.001) and a T A × T E interaction (P = 0.003), and PC2 described 6.2% of the variation and was affected by a T A × T E interaction (P = 0.018). These PCA findings show that the differences in swimming performance (Fig. 2) and muscle fiber abundance (Fig.  3) between T E groups are associated with overall differences in the transcriptomic response to temperature change.
The expression of individual transcripts was shown in our twofactor (2 T A × 2 T E ) interactive design to be influenced by embryonic temperature. One transcript was influenced by T E as a main effect, the ubiquitin-conjugating enzyme E2D 4 (ube2d4- Fig. 4 . Genes involved in energy metabolism in the swimming muscle were strongly induced by cold acclimation. (A) The expression of several transcripts changed in each Gene Ontology (GO) category that was significantly overrepresented among those transcripts that were responsive to cold. IM, intermembrane; Mito, mitochondrial. (B) Transcripts of enzymes involved in carbohydrate and lipid catabolism were generally induced by cold acclimation (blue). Transcripts for many enzymes involved in fatty acid, glucose, and glycogen synthesis did not change (white) or were repressed (orange) by cold acclimation. For some enzymes, alternate isoforms, splice variants, and/or subunits responded in opposite directions (blue and orange). Embryonic temperature (T E ) also influenced the expression in the cold of several genes involved in energy metabolism (black). Enzymes are connected to represent the flux through each pathway (connections based on NADH, NADPH, ADP, or ATP are not shown). 001, Q < 0.0001), which was expressed 4.8-fold higher on average in the 32°C T E group compared with the 27°C T E group (Fig.  S1 ). There was a significant T A × T E interaction for an additional 10 transcripts (at Q < 0.10, 3 at Q < 0.05) (Fig. S3) . Seven of these transcripts responded to the cold in opposite directions between T E groups (slc2a10-201 and fgf4-201, shown in Fig. 5B , as well as znfl2a-201, baz1a transcript CU928207.1-201, abhd15 transcript CR942805.2-201, and uncharacterized transcripts BX324215.3-201 and CABZ01030119.1-201), whereas 3 responded in the same direction but by different magnitudes (mylz3-006, pcsk2-201, and myh7b transcript si:ch211-24n20.3-201). Many of these transcripts are related to energy metabolism (glucose transporter slc2a10 and abhd15, shown in Fig. 4B , as well as pcsk2), muscle contraction (mylz3 and my7b), or cell proliferation/differentiation (fgf4), some of the main pathways that are altered by cold acclimation in general.
On the basis of the swimming performance results, our a priori expectation was that gene expression should differ between T E groups only at 16°C. We therefore performed an additional analysis that included only samples from fish acclimated to 16°C (Fig. S1) . In doing so, we uncovered a large number of transcripts (1,441) that were differentially expressed between T E groups at P < 0.05 (Dataset S2 (Fig. S4) . The majority (38) of transcripts were expressed at higher levels in the 32°C T E group, consistent with the overall patterns described by PCA (Fig. 5A) . The transcripts that were higher in the 32°C T E group were involved in energy production and its regulation (pprc1-201 and apooa-203, shown in Fig. 5B , as well as tkt-001, odc1-201, tomm40l-001, slc3a2 transcript zgc:55813-201, and aldh1l2 transcript CT573393.2-201, all shown in Fig. 4B ), in angiogenesis (wdr43-001 and possibly sgk2b-001), in the cell stress response (chac1-001, hspa5-201, and hyou1-001), or in stimulating muscle differentiation (raver1-202, sik1 transcript si:ch211-235e18.3-001, and cdc6 transcript zgc:174506-201). Among the transcripts that are higher in the 27°C T E group were transcripts involved in muscle contraction (myha-001), in carbohydrate or fatty acid biosynthesis (tdh-002 and TECR transcript mecr-001, shown in Fig. 4B ), in apoptotic signaling (zc3h12a transcript si:dkey-206d17.12-201), or in repressing muscle differentiation (bhlhe40-001). An additional transcript that was higher in the 27°C T E group (arrdc3 transcript si:dkey-172m14.3-001) is thought to reduce energy expenditure and contribute to obesity in mammals (34) . Expression of other transcripts involved in purinurgic signaling, transcriptional regulation, RNA processing, and translation also differed between groups.
The overall pattern of the differences in gene expression suggests that the 32°C T E group is better able to acclimate and maintain swimming performance in the cold at least in part because of an accentuated induction of energy production pathways. The ultimate cause of this heightened response could involve the dramatic difference in peroxisome proliferator-activated receptor (PPAR)γ coactivator-related 1 (pprc1) expression in the cold (Fig. 5B) . Mammalian orthologs of this protein (PRC) and the related proteins PGC1α and PGC1β are vital regulators of mitochondrial biogenesis and substrate oxidation (35) . The setd8b-201 transcript, which encodes a histone methyltransferase whose transcription is activated by PPARγ in mammals (36) , is also expressed at higher levels in the 32°C T E group in the cold.
Developmental Plasticity Is Not Always Beneficial. Criticism of the hypothesis that development (or acclimation) in a particular environment always improves performance in that environment, originally termed the beneficial acclimation hypothesis (37), led to the development of explicit statistical tests of the multiplecompeting hypothesis for how developmental temperature could influence thermal sensitivity in adults (13) . Using this method (ANOVA with orthogonal polynomial contrasts) for short-term thermal challenges, we obtained statistical support for the hypothesis that development at a particular T E improves swimming performance at that temperature ( Fig. 2A , significant T S × T E in Table S2 ). The same was not necessarily true after long-term thermal acclimation, for which we also had strong support for the hypothesis that development at hotter temperatures is better (significant main effect for the linear contrast of T E in Table S2 ). Therefore, our results are consistent with previous findings in other fish and invertebrates that the beneficial acclimation hypothesis is often but not always supported (37, 38) .
Implications for a Warming World. Developmental plasticity is well known to alter adult phenotypes and to create phenotypic novelties that facilitate evolution (39), but we still have much to learn about its mechanistic basis (9, 40) . We have taken an integrative approach working across levels of biological organization to understand the physiological and transcriptomic bases of developmental plasticity for swimming performance, an important fitnessrelated trait. Cryptic thermal sensitivity and acclimation capacity were unmasked when zebrafish embryos grew at temperatures near the natural developmental extremes of this species. This developmental plasticity was based in large part on variation in the magnitude of acclimation responses that are shared across T E groups. Our findings suggest that warming during brief embryonic windows may actually improve thermal hardiness later in life . Embryonic temperature (T E ) affected the transcriptional response to cold in the swimming muscle (detected using RNA-Seq). (A) Principal components analysis identified two primary transcriptional responses to the cold, one in which each T E group responded in the same direction but by different magnitudes (principal component 1, PC1: significant effect of acclimation temperature, T A , and T A × T E interaction) and one in which T E groups responded in opposite directions (PC2: significant T A × T E interaction). (B) Representative transcripts generally differed in abundance between T E groups in a manner similar to PC1 (e.g., apooa) or PC2 (e.g., slc2a10 and fgf4). The units for these transcript abundance data are read counts normalized for differences in library size between samples. Means ± SEM (n = 4) are shown (some error bars for PC1 are too small to be seen, and the additional point for pprc1 is an outlier).
across a range of temperatures, both hot and cold. The effects of embryonic temperature may become extremely important in the future, as temperature variability is expected to increase along with average temperature (41).
Materials and Methods
Experimental Treatments. The experimental protocol is illustrated in Fig. 1 . Embryos were reared until hatching at 22°C, 27°C, or 32°C, after which they were raised to adulthood at 27°C. Adult fish were then subjected to one of five temperature treatments before swimming performance, muscle histology, and gene expression were assessed. Information on breeding, rearing, and acclimation treatments can be found in SI Materials and Methods. Experimental treatments were approved by the Animal Welfare Committee of the University of St Andrews.
Swimming Performance and Muscle Histology. Critical swimming speed (U crit ), a standard metric of sustainable exercise performance in fish, was assessed using standard protocols (32) . U crit was determined by increasing water speed by 0.3 body lengths/s (1 cm/s) every 5 min until the fish could no longer swim against the current, after which it was sampled for histology. Muscle phenotype was then assessed in these fish, using standard histological methods (22) . Fig. 1 describes the treatment groups subjected to the swimming and histology measurements. Other details on these methods and analyses are in SI Materials and Methods.
Transcriptomics. Whole-transcriptome sequencing (RNA-Seq) was performed on total RNA extracted from the hypaxial fast muscle (see Fig. 1 for the treatment details). We pooled the RNA from one male and one female for each biological replicate to eliminate sex as a factor in the analysis of our results. mRNA-Seq library preparation (5 μg RNA), sequencing (paired-end reads on an Illumina HiSEq 2000 sequencer), base calling, and read mapping to the zebrafish genome (DanRe7, using GSNAP version 2011-03-28) were performed by The GenePool at the University of Edinburgh. Four biological replicates were sequenced for each of the four groups, yielding ≥5 million analyzed reads per replicate. Transcripts were filtered to exclude those in the bottom 40% of total read counts across all samples (these transcripts were generally observed in only approximately one to two replicates and at most 22 total counts across all 16 samples) as well as those that were not expressed in at least three of four replicates in at least one treatment group. DESeq was used to assess differential expression across the transcriptome (42) . PCA using read counts normalized to library size was performed for all of the expressed transcripts or for just those that were affected by T A at Q < 0.05 (data were centered and scaled). We report only the principal components that describe more than the average variance across all components. GOSeq was used for GO and KEGG pathway analysis of transcripts that increased or decreased by 1.5-fold (at Q < 0.01) in response to cold acclimation (43) . Q values were calculated by adjusting P values for multiple comparisons, using Benjamini-Hochberg correction in both DESeq and GOSeq analyses. More details on transcriptomic analyses are in SI Materials and Methods. 
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Scott and Johnston 10.1073/pnas.1205012109 SI Materials and Methods Experimental Treatments. The stock of zebrafish used in this study was originally obtained from a wild population near Mymensingh, Bangladesh. The same subset of seventh-generation fish, composed of 13 females and 7 males, was used as the broodstock in all experiments. These fish were maintained in a freshwater recirculation system at 27 ± 1°C (12-h dark:12-h light photoperiod) and were fed a meal of bloodworms or water fleas twice per day. The one-to eight-cell-stage embryos from a minimum of two spawnings (generally >800 embryos per spawning) were incubated at embryonic temperature treatments of 22°C, 27°C, or 32°C (±0.5°C). Larvae were maintained at a common temperature of 27 ± 1°C (12 h light:12 h dark) after hatching. These fish were raised in small bowls and were fed 80-to 200-μm-sized fry food (ZM) twice per day until 1 mo of age. Fish were then transferred to the freshwater recirculating system, gradually transitioned onto the same feeding routine as the broodstock, and raised for 8-9 mo until adulthood. Temperature treatments were conducted in water that was filtered and aerated in static 50-L tanks, and around one-third of the tank volume was replaced twice a week with fresh dechlorinated tap water at the appropriate temperature.
Swimming performance was assessed in each embryonic temperature (T E ) group 1 d after transfer to the same temperatures used for T E treatments (22°C, 27°C, or 32°C) (16-24 h posttransfer) or after prolonged acclimation (28-30 d) to 16°C or 34°C. We also measured swimming performance 1 d after transfer to 16°C in the 27°C and 32°C T E groups. Muscle histology was performed using the same fish as those used in the swimming performance tests after acclimation to 27°C, 16°C, or 34°C. Transcriptomics were performed with only the 27°C and 32°C T E groups at 27°C and after 30 d acclimation to 16°C (this was a separate set of individuals from those that had been swum). Fish were killed by concussion and pithing.
We took several steps to ensure that age was not a confounding variable that could influence our results. We randomized the order in which T E groups were used in all of the above experiments. The duration of the swimming performance protocol (see below) required that these experiments be conducted over a 2-mo period (at roughly 8-10 mo of age). During this time the order of the 1-d temperature treatments was randomized. The 1-d treatments were immediately followed by the experiments on fish acclimated to 16°C or 34°C. Fish used for transcriptomics were all sampled at roughly 10 mo of age.
Swimming Performance. Swimming performance was assessed by determining the maximum prolonged swimming speed in a custom-built Blazka-type swim tunnel. The swimming chamber was 30 cm long, 7.5 cm wide and 8 cm tall. Flow variation across the chamber volume was generally less than 15% and dye injection confirmed that the flow was laminar. Nevertheless, because fish generally choose to swim in regions of the chamber with the slowest-flowing water, particularly at high water speeds, our water speed calibration was performed at one of the locations with slower water speed. Tunnel water speeds were calibrated with an inline flow meter (Nixon Flowmeters).
For each experiment, fish were carefully moved to the chamber without emersing them from water and were kept for 1 h at a water speed of 8 cm·s
; this water speed is slow enough that fish swim freely, but is still sufficient for the fish to get used to the orientation of water flow. Water speed was then increased by 0.3 fork lengths per second (1 cm·s
) every 5 min until fish failed to maintain their position in the water flow and were forced toward the screen at the back of the chamber. Maximum prolonged swimming speed (or critical swimming speed, U crit ) was calculated as
where U i is the maximum speed that fish swam for the full 5 min, U ii is the speed at which fish failed to swim, and t i and t ii are the times fish swam at each speed, respectively (1). The temperature coefficient (Q 10 ) of U crit was calculated relative to 27°C (T 1 ) at all other temperatures (T 2 ), using the data means [in standard body length (SBL)·s
] for each embryonic temperature group,
where U T1 is the mean U crit at T 1 and U T2 is the mean U crit at T 2 .
The U crit values that we obtained at control temperatures were similar to previous measurements in zebrafish (2) (3) (4) (5) , which are much higher than the U crit of many other fish species. Fish were killed shortly after completing the U crit trial. Fish were then weighed, measured for SBL (tip of the snout to the last vertebrae), and sampled for muscle histology. A transverse steak of the trunk was cut at 0.7 SBL, coated in embedding medium (Shandon Cryomatrix), and frozen in liquid N 2 -cooled isopentane. These blocks were stored at −80°C until used for histochemistry.
Data were analyzed using two-factor ANOVA with orthogonal polynomial contrasts of T E , performed in R (http://www.r-project. org/). Bonferroni posttests were used to compare within each T E group (T S of 22°C/32°C to 27°C) for the short-term transfer experiments and both within each T E group (T S of 16°C/34°C to 27°C controls) and between each T E group (within each T S ) for the acclimation experiments. Data after short-term transfer to 16°C were not included in these statistics because these trials were performed post hoc.
Muscle Histology. Frozen sections (10 µm) were cut using a cryostat (Leica), mounted on poly-L-lysine-coated slides, air dried, and stored at −80°C until staining. Slow (slow oxidative or red) muscle fibers were identified as follows by immunohistology, using the S58 antibody (Developmental Studies Hybridoma Bank): Sections were fixed in acetone for 10 min, blocked in 5% (vol/vol) normal goat serum [made up in phosphate-buffered saline (PBS) (0.14 mol·L Sections were well rinsed in PBS between each of the above steps. Sections stained for S58 were also counterstained with Harris hematoxylin (Sigma). Intermediate (fast oxidative or pink) muscle fibers were identified as follows by staining for myosin ATPase activity after alkaline preincubation.
Sections were preincubated in alkaline buffer [100 mM alkaline buffer solution (Sigma), 18 mM CaCl 2 , pH 10.4] for 8 min, incubated in assay buffer (2.7 mM ATP, 200 mM Tris, 18 mM CaCl 2 , pH 9.5) for 5 min, washed well in 1% (mass/vol) CaCl 2 , incubated in 2% (mass/vol) CoCl 2 for 5 min, and then developed in 2% (mass/vol) ammonium polysulfide (Fisher Scientific). As an indicator of oxidative capacity, we also stained muscle for succinate dehydrogenase activity for 2 h at room temperature (assay conditions: 41.7 mM Na 2 HPO 4 , 8.3 mM NaH 2 PO 4 , 80 mM sodium succinate, pH 7.6). All slides were mounted with glycerol gelatin (Sigma).
The total transverse area and the total number of fibers were determined on one side of the trunk for both the slow and the intermediate muscle. Measurements were made using ImageJ software (6) from images acquired by light microscopy. The total area of fast (fast glycolytic or white) muscle was determined on one side of the trunk by measuring the area of axial muscle that was S58-negative and subtracting the area of intermediate muscle. All of the above values were doubled to represent both sides of the trunk. Unbiased estimates of the average area of fast muscle fibers were determined as previously described (7) from images that equally represented all regions of the axial fast muscle (systematic observation of ∼20% of the tissue). The average areas of slow and intermediate fibers as well as the total number of fast muscle fibers were calculated from the above values. All area measurements are expressed relative to body mass to the 2/3 power to account for isometric variation between fish of different masses. Statistical comparisons were performed using two-factor ANOVA without contrasts as well as one-factor ANOVA (to assess main effects of adult acclimation temperature within each T E group). Bonferroni posttests were used for comparisons within each T E group.
Transcriptomics. Whole-transcriptome sequencing (RNA-Seq) was performed on hypaxial fast muscle that was dissected in PBS under a stereomicroscope, frozen in liquid N 2 , and stored at −80°C. All sampling was conducted at a similar time of day. Total RNA was extracted from these samples using TRI reagent (Sigma) and stored at −80°C. RNA concentrations were determined using a spectrophotometer and RNA integrity was verified by electrophoresis. Four biological replicates were sequenced per group, with each replicate consisting of a pool of total RNA (∼10 μg) from one male and one female. RNA-Seq library preparation (using the standard TruSeq protocol from Illumina with 5 μg RNA), sequencing (paired-end reads on an Illumina HiSEq 2000 sequencer), base calling, and read mapping to the zebrafish genome (DanRe7, using GSNAP version 2011-03-28) were performed by The GenePool at the University of Edinburgh. One lane of a flowcell was used per replicate (29.8-114.7 million reads per sample). Approximately 78-92% of all reads could be mapped to the genome, of which many were outside of annotated genes (∼45-50% of mapped reads), could not be unambiguously assigned to one unique transcript (∼18-22%), or were of low quality (∼6-12%). The remaining reads (5.0-24.2 million reads per sample) were used for measuring gene expression across the transcriptome. There were no significant differences between treatment groups in any of the above mapping statistics.
We performed two unbiased filtering regimes on the unique transcripts identified by RNA-Seq, which reduced the number of unique transcripts from 32,988 to 19,712. We excluded transcripts that were in the bottom 40% of total counts across all samples; these transcripts had very few counts (generally less than 10 per sample) and were often observed in only 1 or 2 samples (the most abundant transcript excluded had only 22 total counts across all 16 samples). We also excluded transcripts that were not expressed in 3 of 4 samples in at least one of the four treatment groups. DESeq package version 1.6.0 in R (Bioconductor version 2.9) was then used to assess differential expression across the transcriptome (8) . Principal components analysis (PCA) was performed using the function prcomp in R (data were centered and scaled), using the read counts of the 19,712 filtered transcripts, normalized to the relative library size metric calculated in DESeq. We report only the principal components that describe more than the average variance across all components, for which the effects of acclimation temperature (T A ), T E , and T A × T E were assessed using two-factor ANOVA. GOSeq package version 1.6 .0 was used to analyze the Gene Ontologies (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways that were significantly over-or underrepresented (P < 0.05) among the groups of transcripts that increased or decreased by 1.5-fold at P < 0.01 in the cold, using GO categories and transcript lengths from Ensembl (9) . The false discovery rate from multiple-hypothesis testing was accounted for with Benjamini-Hochberg correction, as recommended by the developers of both DESeq and GOSEq. (10) . . Principal components (PC) analysis of the genes that were significantly affected by acclimation temperature (T A ) (Dataset S1). PC1 described 61.2% of the variance and was significantly affected by T A (P < 0.001) and a T A × T E interaction (P = 0.003). PC2 described 6.2% of the variance and was affected by a T A × T E interaction (P = 0.018). Fig. S3 . Heat map of transcripts showing an interaction between acclimation temperature (T A ) and embryonic temperature (T E ) (Q < 0.10). Overexpression in the 32°C T E group relative to the 27°C T E group is shown on a log 2 scale. Fig. S4 . Heat map of transcripts that differed between embryonic temperature (T E ) groups when only samples from 16°C-acclimated fish are considered (P < 0.001; Q < 0.10). Overexpression in the 32°C T E group relative to the 27°C T E group is shown on a log 2 scale. Six additional transcripts that were found to be significant at Q < 0.10 are not shown, because they are already shown in Fig. S3 (ENSDART00000129866, ENSDART00000004071, ENSDART00000092209 , ENSDART00000076759, ENSDART00000098283, ENSDART00000109990, and ENSDART00000125272). Q 10 , temperature coefficient relative to a T S of 27°C; T S , swim temperature. Values are means ± SEM, where appropriate (n = 8 except as noted below). Data at a T S of 27°C are shown twice to show the results of the separate two-factor ANOVAs. Data for 1 d posttransfer at a T S of 16°C were not included in statistical analyses (n = 4). *Significant difference from T S of 27°C within each embryonic temperature group using two-factor ANOVA. † Significant difference from other embryonic temperature groups within each T S . BDP, beneficial developmental plasticity; df, degrees of freedom; HIB, hotter is better; SBL, standard body lengths; T E , embryonic temperature; T E(L) , linear contrast of T E ; T E(Q) , quadratic contrast of T E ; T S , swim temperature. 
